Obligately acidophilic, heterotrophic bacteria were isolated both from enrichment cultures developed with acidic mine water and from natural mine drainage. The bacteria were grouped by the ability to utilize a number of organic acids as sole carbon sources. None of the strains were capable of chemolithotrophic growth on inorganic reduced iron and sulfur compounds. All bacteria were rod shaped, gram negative, nonencapsulated, motile, capable of growth at pH 2.6 but not at pH 6 Acid-laden waters, which discharge from abandoned and active coal mines, characteristically contain excessive total dissolved solids, pronounced mineral acidity, and have low pH values. The chemical nature of acidic drainages disfavors colonization by a diversity of acid-intolerant life forms. Consequently, these environments have been referred to as "extreme."
Most of the research on the microbiology of acidic mine waters has focused on the chemolithotrophic action of the iron-and sulfur-oxidizing thiobacilli. Thiobacillus ferrooxidans and Thiobacillus thiooxidans have been implicated as contributors to the formation of the major pollutants contained in acidic coal mine drainage. However, published accounts exist on the recovery of sundry heterotrophic bacteria from acidic mine waters (7, 14, 15, 25) ; albeit, limited attention has been directed to the question of acidophily among the isolated organisms. Langworthy (16) has cautioned against the possible misconceptions that could develop about the ecology of bacteria recovered from low pH environments but which grow only at circumneutral pH values in the laboratory. Information is essentially lacking on the existence and distribution of heterotrophic bacteria which reside in the acidic mine water environment and are capable of proliferation at the low pH values present.
Limited success in the recovery of large numbers of heterotrophic bacteria from acidic mine drainages has hampered investigations on the ecology of these organisms (14) . Interest in the microbiology of low pH regions has extended recently to the effect of acid rain on soils and water bodies (1, 13 Catalase, capacity to develop at pH values of 2.6 and 6.0, susceptibility to the vibriostat, 0/129 (5.0 ug of 2,4-amino-6,7-diisopropyl pteridine per liter), and denitrification (0.25 g of KNO3 per liter) were determined in mineral salts and citric acid (0.5 g/liter). Growth of strains at pH 2.6, but not at pH 6.0, was considered a positive expression of the property of acidophily.
Kovacs oxidase and iron porphyrins (5) were tested on concentrated cell mass washed with acidified distilled water (pH 3.0). Tolerance to ferrous iron was evaluated on mineral salts-succinic acid (1.0 g/liter) and 3.0 g of Fe(II) per liter supplied as FeSO4. 7 H20.
Tolerance to 7.5% NaCl, capacity to produce H2S (detectable with lead acetate paper) from cysteine (0.1 g/liter), and ability to hydrolyze urea (0.1 g/liter) were tested in yeast autolysate (0.1 g/liter). Evidence of urea hydrolysis was taken as a change in the pH of cultures from a value of 3.0 (control) to at least 5.0.
Acid production from glucose and glycerol was envisioned as a decrease in the measured pH of cultures by at least 0.15 pH units.
Utilization of starch and Tween 80 were tested in media solidified with agarose.
Reagent grade carbon sources were employed in nutritional studies. Organic acids were tested at 0.5 g/ liter; other carbon sources were tested at 1.0 g/liter.
Potential of strains for chemolithotrophic growth was determined in mineral salts containing one of the following energy sources (in grams per liter): precipitated sulfur, 10.0; sodium thiosulfate, 10.0; and ferrous iron, 1 Isolation of bacteria from enrichment cultures and natural sources. Characteristics of enrichment cultures and strain designations of the respective bacterial isolates are given in Table 1 . Most of the mature enrichment cultures contained bacteria; however, the presence of molds and yeasts often interfered with the routine recovery of axenic bacteria. Complex substrates and amino acids, but not temperature of incubation and the concentration of substrates used, appeared to be most stimulatory to fungus development.
Iron-oxidizing bacteria could be recovered readily from enrichment cultures and mine waters; however, only acidophilic, heterotrophic bacteria were sought in this study. Certain of the bacteria isolated from enrichment cultures, regardless of inoculum source, possessed similar morphological and colonial properties. Selection of specific bacteria for additional characterization was based on apparent dominance and frequency of occurrence among bacterial colonies cultivated by plating enrichment cultures.
A total of 75 strains of microorganisms were obtained from enrichment cultures and natural sources by the various isolation methods em- bWith the exception of strains CCP and ZZP, each of which was purified on citric acid (1.0 g/liter), all strains were isolated on solid versions of culture media identical in composition to that used for developing the enrichment cultures from which they came.
ployed. Microscopic observations revealed that 14 of the isolates were yeasts, and these were discarded. Two green colonies, which developed under low-level fluorescent lighting on solidified mineral salts without organic substrates, proved to be euglenoids and were identified as Euglena mutabilis (17) . All remaining organisms in the collection were bacteria, of which 22 were lost upon further subculture, leaving 37 working strains. Of the 37 bacteria, 4 strains were recovered by plating axenic cultures of organisms purified by dispersion-dilution of enrichment cultures, and 23 strains were isolated by plating enrichment cultures directly (Table 1) . Another 10 strains were obtained from among colonies appearing on countable enumeration plates inoculated with environmental specimens (see Table 3 ). Citric and malic acids were selected as carbon sources for the recovery of bacteria directly from natural sources after it was discovered that these two organic acids supported growth of a majority of strains isolated from enrichment cultures. Important in the course of isolation work was the observation that no solidifying agent, other than agarose, permitted development of bacteria. Attempts to isolate acidophilic, heterotrophic bacteria from mine waters by employing methods or culture media of other workers were unsuccessful.
Characteristics of isolated bacteria. The following morphological and physiological characteristics were shared by all of the surviving 37 strains: cells single or as diplobacilli, rounded to slightly pointed ends, gram negative, strictly aerobic, actively motile, nonencapsulated, catalase and Kovacs oxidase positive, contain iron porphyrins (benzidene positive), 0/129 insensitive, strictly acidophilic (capable of growth at pH 2.6 but not at pH 6.0), and unable to utilize ferrous iron, elemental sulfur, and thiosulfate as sole energy sources. Modal values of cell width and length of strains actively growing on citric acid (0.5 g/liter) ranged from 0.5 to 1.1 ,um and 1.0 to 4.2 ,um, respectively. Cellular morphology appears to be affected by the available carbon source (Fig. 1) . Sudanophilic cellular inclusions, presumably poly-f8-hydroxybutyric acid, were present in cells of many strains, especially those cultured on organic acids.
Most strains produced colonies in 14 to 30 days which were convex, entire, and 1.0 mm or less in diameter. Nineteen strains formed shades of brown and pink pigments which were enhanced in complex, nitrogenous culture media.
Although all strains grew when supplied citric acid as a sole carbon source, certain cultures developed better than others. For example, using absorbance measurements (optical density at values of less than and greater than 0.5 were recorded for 11 and 26 strains, respectively, after incubation for 30 days at 20°C. All strains attained maximum cell densities before 30 days, and the utilization of citric acid resulted in a mean increase in the pH of culture fluids from 2.6 to 4.05 (standard deviation = 0.3 pH units).
The 37 strains were divided into two major groups based on an ability to grow on organic acids supplied as sole carbon sources ( Natural acid mine drainage bacteria populations. Citric acid supported greater numbers of the bacteria present in natural mine water samples than did malic acid, although the differences were not appreciable ( Table 3 ). The largest numbers of organisms and diverse colony types were found in connection with the plating of Euglena sp. biomass, in particular, specimens taken from the Proctor no. 2 stream bed. DISCUSSION All bacteria obtained directly or indirectly from mine water samples were obligately acidophilic (capable of growth at pH 2.6 but not pH 6.0) and gram negative. No relationships could be drawn between specific characteristics of the bacteria and the sources from which they were isolated, except that it appeared that strains recovered from enrichment cultures were active on more carbon sources than were bacteria directly isolated from the environment. The data obtained support the contention that acidophilic, heterotrophic bacteria ubiquitously exist in the acidic, mine water environment and may be expected to encounter limited competition from allochthonous organisms, e.g., coliform bacteria (10). (6) has proposed organic depot products of iron-oxidizing thiobacilli, excretions of algae, and coal leachates as possible nutrient sources for heterotrophic bacteria. Quantitative information on acidophilic heterotrophs in mine drainage must be interpreted with liberties since the choice of carbon source, pH of culture medium, and enumeration method will likely influence results obtained. Harrison et al. (12) isolated acidophilic, glucose-utilizing heterotrophic bacteria from T. ferrooxidans cultures, and on the basis of deoxyribonucleic acid homology studies, concluded that the organisms were genetically unrelated to T. ferrooxidans. Furthermore, these workers questioned facultative autotrophy by T. ferrooxidans, as reported by others (22, 23) . Guay and Silver (8) isolated from a T. ferrooxidans culture, a facultative autotroph (T. acidophilus) which utilized as energy sources elemental sulfur, several sugars, and citric, malic, aspartic, and glutamic acids. Tuovinen et al. (24) reported autotrophic development of T. acidophilus on ferrous iron.
The 37 strains described herein could not be induced to utilize inorganic energy sources even after long periods of exposure. Orange or rustred colonies, typical of T. ferrooxidans, never appeared on iron-containing solid media inoculated with heterotrophic bacteria. Moreover, all on October 16, 2017 by guest http://aem.asm.org/ Downloaded from strains in the collection were maintained through numerous subcultures on media lacking ferrous iron. However, we have demonstrated that strains PW1 and PW2 require approximately 200 ,ag of Fe(II)/ml for optimum development on succinic acid medium. Zavarzin (26) isolated from an acid (pH 4.0) peat bog inhabited by T. ferrooxidans an acidophilic heterotroph which grew best on citric acid supplied as a sole carbon source and required at least 3 ,Lg of ferrous ammonium sulfate per ml for optimum development.
Insufficient knowledge on the behavior and characteristics of the newly isolated bacteria precludes assignment of binomial epithets. Presently, group 2 strains PW1 and PW2 are undergoing intensive scrutiny. It is evident from the results of our investigations and those of others that further research is needed to establish the taxonomic position of the acidophilic, heterotrophic bacteria of acidic mine drainage and to identify their role in the environment.
